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INTRODUCTION - .  . I  

The b a s i c  f e a t u r e s  o f  t h e  CO, acceptor  gasification processhave  been descr ibed  
i n  a series of  r e c e n t  p u b l l c a t i o n s .  
hea t  and material ba lances  p r e s e n t e d ,  (1,'~~) and the o p e r a t i n g  1lmitatLons ,of t h e  
p r o c e s s  a s  determined by t h e  thermodynamic p r o p e r t i e s  of i n d i v i d u a l  r e a c t l o n s  of 
importance were discusse,d.( ' )  A more d e t a i l e d  d i s c u s s i o n  of t h e  p r o p e r t i e s  of dqlomite 
and l imes tone  based a c c e p t o r s  as d i c t a t e d  by t h e  needs of t h e  p r o c e s s  was presented  i n  
a more recent  p ~ b l i c a t i o n . ( ~ )  

The g e n e r a l  n?ture  of t h e  p r p c e s s  ivas descr ibed ' 

Due t o  thermodynamic l i m i t a t i o n s  of t h e  acceptor  r e a c t i o n s ,  t h e  maximum permis- 
s i b l e  temperatures  and p r e s s u r e s  f o r  operation of th@ F a s i f l e r  are ? p r o x i m a t e l y  1670'F 
and 380 p s i a ,  r e s p e c t i v e l y ,  I n  g e n e r a l ,  i t  is  d e s i r a b l e  t o  o p e r a t e  t h e  p r o c e s s  below 
t h e s e  extreme l i m i t s .  

The k i n e t i c s  of t h e  g a s l f i c a t l o n  of c h a r s  from P i t t s b u r g h  Seam bituminous c o a l s  
had been s t u d i e d  i n  some d e t a i l  p r e v i o u s l y . ( 5 )  
l i k e l y  adequate  f o r  o p e r a t i o n  of  t h e  GO, acceptor  p r o c e s s  wi th  bituminous c o a l  chars  
provided  p a r t i a l  g a s i f i c a t i o n  1s p r a c t i c e d  w i t h  low s u l f u r  b o i l e r  f u e l ( 6 )  a s  a byproduct: 
The g a s i f i c a t i o n  rates are, however, inadequate  fQr t o t a l . g a s i f i c a t i o n  of bituminous 

The g a s i f i c a t i o n  rates obta lned  a r e  

I 
c o a l  c h a r s .  

The emphasis on t h e  development of t h e  CO, a c c e p t o r  process  has ,  t h e r e f o r e ,  been 
on t h e  use of lower rank  Western c o a l s ,  and i n  p a r t i c u l a r  l i g n i t e  chars ,  because t h e i r  
known h igher  r e a c t i v i t y  makes them more s u i t a b l e  f o r  t h e  p r o c e s s .  

The experimental  t echniques  and methods of process ing  t h e  d a t a  w i l l  be only b r i e f l y  
descr ibed  h e r e .  F u l l  d e t a i l s  w i l l  be  a v a i l a b l e  i n  a r e p o r t  t o  b e  submit ted t o  the 
O f f i c e  of Coal  Research i n  t h e  n e a r  f u t u r e .  

ExDerimental and C a l c u l a t i o n a l  Procedures  

I n t e g r a l  Batch K i n e t i c s  

The da ta .were  o b t a i n e d  i n  a f l u i d i z e d  bed u n i t  which was o p e r a t e d  batchwise with 
r e s p e c t  to s o l i d s  and c o n t i n u o u s l y  w i t h  r e s p e c t  t o  t h e  g a s  f e e d ,  The u n i t  i s  ' i l l u s -  

' t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  1. 

1050'F a t  a tmospheric  p r e s s u r e .  
f l u i d i z e d  bed i n  H, a t  l4OQ'F for ?.ne hour a t  atmospheflc p r e s s u r e ,  

a s h .  
a r e  g iven  i n  Table  I a .  

Char feeds tocks  were prepa red  by carboniz ing  t h e  raw, d r i e d  l i g n i t e s  i n  N, a t  
The chars  were d e v o l a t i l l z e t l  f u r t h e r  by h e a t i n g  i n  a 

, merit a l s o  c a l c i n e d  t h e  CaCO, and reduced t h e  i r o n  co,mpounds which were pre.?ent i n  the  
The l a t t e r  t r e a f -  

lyses  of t h e  prepared l i g n i t e  chars  The 35 x 65 mesh s i z c  f r a c t i o n  was used .  

Most of t h e  ' runs were made w i t h  one of t,wo i n i t i a !  char bed weights of e i t h e r  ?of 
10 prams. The c h a r  was 111ixcd w i t h  2CG x 325 ,q?sh CqseG p e r i c i $ s e  i n  ,order t o  h o l d  a 
n e a r l y  c o n s t a n t  f l u i d i z e d  bed he ight  of 2rl/2 inches ,  r e g a r d l e s s  of t h e  i n i t i a l  char 
weight  or burnoff l eve l .  
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The reactor c o n s i s t e d  of a 7" x 1" I.D. T y p e  310 s t a i n l e s s  steel th in-wal led  tube  

Ni t rogen  was used as p res su re  
having a Conical s ea l ed  end. The r e a c t o r  wi th  its hea t ing  elements and i n s u l a t i o n  
was con ta ined  w i t h i n  a p r e s s u r i z e d  o n e - l i t e r  au toc lave .  
ba lanc ing  gas .  

The tempera ture  c o n t r o l  p o i n t  was a c a l i b r a t e d  thermocouple conta ined  i n  a w e l l  
immersed i n  t h e  f l u i d i z e d  bed. Axia l  t r a v e r s e s  showed t h a t  t h e  tempera ture  throughout 
t h e  bed was 150O0 f 2'F. 

The i n l e t  d ry  gases  were preblended mixtures  of H,, CO, CO, and CH, i n  t h e  des i r ed  
P ropor t ions .  The metered dry gas w a s  passed  through a steam g e n e r a t o r  i n  which t h e  
water temperature was c o n t r o l l e d  (* 0.2'F) t o  g i v e  t h e  d e s i r e d  steam p a r t i a l  p re s su re .  
co, W a s  added t o  t h e  dry  gas  mixtures  i n  o r d e r  t o  b r ing  t h e  composition of t h e  t o t a l  
i n l e t  gas  t o  w a t e r g a s  s h i f t  equ i l ib r ium.  Othe rwise , , t he  p a r t i a l  p r e s s u r e s  of t he  in- 
let HaO, Hn and CO would have been a l t e r e d  apprec i ab ly  by s h i f t i n g ,  ca t a lyzed  by t h e  
reactor s u r f a c e s  and t h e  cha r  bed. 

The t o t a l  in le t  g a s  e n t e r e d  t h e  r e a c t o r  through an a x i a l  d ip tube  which extended 
t o  t h e  bottom of t h e  cone. The g a s  passed downward, reversed  d i r e c t i o n ,  and f l u i d i z e d  
t h e  bed. 
depending on t h e  p re s su re  l e v e l  and gas  composition i n  o rde r  t o  g ive  a bed expansion 
of about 30$ over  t h e  i n c i p i e n t  f l u i d i z e d  bed h e i g h t .  

The s u p e r f i c i a l  f l u i d i z i n g  veloc' i ty w a s  h e l d  i n  t h e  range, 0.14-0.18 f t / s e c  

' The e x i t  g a s  was cooled  t o  condense t h e  un reac ted  steam, which was t h e n  t h r o t t l e d  
t o  atmospheric p r e s s u r e  and c o l l e c t e d  i n  t h e  condensate r e c e i v e r .  The dry  e x i t  gas ,  
a f t e r  be ing  t h r o t t l e d  t o  atmospheric p re s su re ,  passed  through t h e  condensa te  r e c e i v e r  
t o  p i c k  up t h e  d i s so lved  gases  which had f l a s h e d  from t h e  condensa te .  Most of t h e  H,S 
was zemoved by an a c i d i f i e d  Cd(NO,), s o l u t i o n  which had been charged  i n i t i a l l y  t o  t h e  
condensate r e c e i v e r .  One s i d e  s t ream of t h e  d r i e d  g a s  was d i v e r t e d  through a sample 
loop  where, t y p i c a l l y ,  a sample was taken  eve ry  12  minutes f o r . a n a l y s i s  by gas  chroma- 
tography. Another was d i v e r t e d  through a thermal, conduc t iv i ty  ce l l  which cont inuous ly  
monitored t h e  e x i t  gas  composition i n  r e f e r e n c e  t o  the i n l e t  dry  g a s .  .The d ive r t ed  
s t reams were recombined, s a t u r a t e d  wi th  water ,  and passed  through a c a l i b r a t e d  w e t  test 
meter. 

. 

I n  t h e  runs  where t h e  i n l e t  d r y  gas  con ta ined  carbon oxides  andfor  CHI, t h e  dual- 
column g a s  chromatograph was opera ted  d i f f e r e n t i a l l y .  Samples of t h e  i n l e t  dry gas  
and e x i t  g a s  were s imul taneous ly  i n j e c t e d  i n t o  t h e i r  r e s p e c t i v e  columns and t h e  out- 
p u t s  of t h e  thermal conduc t iv i ty  d e t e c t o r  c e l l s  were ar ranged  to  g i v e  s i g n a l s  which 
were p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e s  i n  concen t r a t ions  of CO, CO,, and CH, i n  the two 
g a s  streams. 

In a l l  t h e  runs t h e  cha r  was p r e t r e a t e d  by f l u i d i z i n g  i n  pure H, f o r  one hour a t  
1400'F and a t  6 atm system p r e s s u r e .  
f e e d  c h a r  was reproducib ly  g a s i f i e d .  

During th i s  pe r iod ,  8 . 6  of t h e  carbon i n  t h e  

The k i n e t i c s  p o r t i o n  of t h e  run  w a s  t h e n  s t a r t e d  by r a i s i n g  t h e  system p res su re  
t o  t h e  d e s i r e d  l e v e l ,  i nc reas ing  t h e  bed tempera ture  t o  15W°F, and r e p l a c i n g  t h e  
hydrogen f l o w  wi th  t h e  d e s i r e d  flows of steam and i n l e t  dry  g a s .  These ope ra t ions ,  
performed i n  t h e  o rde r  g iven ,  were canp le t ed  i n  about one minute.  

A t  t h e  end of a run t h e  bed was r a p i d l y  cooled and removed from t h e  r e a c t o r .  The 
e n t i r e  bed, i.e., cha r  p l u s  d i l u e n t  was assayed  f o r  i t s  carbon c o n t e n t .  

. 
e f f e c t s  due t o  c a t a l y t i c  format ion  of methane or i t s  hydro lys i s ,  depending upon which 
s i d e  of equ i l ib r ium t h e  gas  composition i n  t h e  r e a c t o r  corresponded t o  i n  t h e  r e a c t i o n  

It was found necessary  t o  p r e s u l f i d e  t h e  r e a c t o r  and char  bed t o  e l i m i n a t e  spur ious  
' 
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W i t h  a p r e s u l f i d e d  system, a l l  methane produced was de r ived  from g a s i f i c a t i o n  of the  
c h a r .  
system f o r  one hour a t  1 2 0 ° F  and a t  atmospheric p r e s s u r e  before  t h e  pre t rea tment  
pe r iod  was s t a r t e d .  

P r e s u l f i d i n g  was accomplished by pass'ing a 1% H,S-99$ H, mixture through the  

The i n t e g r a l  g a s i f i c a t i o n  rates a t  t h e  8 r epor t ed  here  a r e  def ined  below: 

t o t a l  mols of carbon gas i f i ed lmin  x lo4 - - N x 1 0 4  

x 104 

R T =  atom of carbon i n  bed - wo - J0S 

% H 4  = atom of carbon i n  bed - wo - J0S 
NCH4 t o t a l  mols CH, formedlmin x lo4 - 

RC = s, - RCH, 

The carbon ox ides  rate, +, is  def ined  a s  above because,  a s  w i l l  be shown ' la te r ,  
t h e  r e a c t i o n  model f o r  methane formation r e q u i r e s  t h a t  a m o l  o f  CO be produced f o r  
each mol of methane formed. 

N and NcH i n  t h e  above equa t ions  a r e  t h e  r e s p e c t i v e  mols of t o t a l  carbon gases 
and methane formed p e r  minute from cha r  g a s i f i c a t i o n .  They are c a l c u l a t e d  from 
t h e  i n l e t  and e x i t  d r y  g a s  r a t e s  and t h e i r  compositions a t  t i m e  8 .  Wo i s  t he  atoms 
of carbon i n  t h e  bed a t  t i m e  9 = 0, i . e . ,  j u s t  a f t e r  t h e  p re t r ea tmen t  pe r iod  i s  
completed.  The carbon burnoff is c a l c u l a t e d  from t h e  equat ion ,  

100 loe Nd8 
$ Burnoff = 

WO 

Typica l  run  d a t a  and c a l c u l a t i o n s  are i l l u s t r a t e d  i n  Table 11. 

D i f f e r e n t i a l  r a t e  d a t a  a r e  obta ined  from t h e  two i n t e g r a l  rates corresponding t o  
i n i t i a l  cha r  bed weights  of 5 and 10 grams by l i n e a r  e x t r a p o l a t i o n  t o  zero bed weight.  

I n t e g r a l  R a t e  Data from Continuous Unit 
I 

i The cont inuous  u n i t  f o r  ob ta in ing  i n t e g r a l  r a t e  d a t a  was descr ibed  e a r l i e r . ( ' )  
Two methods of o p e r a t i o n  were employed. I n  one, t h e  CO, accep to r  was c i r c u l a t e d  
through t h e  g a s i f i e r .  I n  t h e  o t h e r ,  no accep to r  was used .  The l a t t e r  involved opera- 
t i o n  only of t h e  g a s i f i e r ,  but w i th  continuous feed  of hydrodevo la t i l i zed  cha r  and i 
cont inuous  withdrawal of p a r t i a l l y  g a s i f i e d  c h a r .  1 

The former o p e r a t i o n  involved  ope ra t ion  of both t h e  r egene ra to r  and g a s i f i e r  
Vessels. The a c c e p t o r  w a s  cont inuous ly  showered through t h e  g a s i f i e r  bed. The 
accep to r ,  segrega ted  i n  t h e  bottom of t h e  g a s i f i e r  as a s e p a r a t e  phase, was withdrawn 4 
cont  inunusly znd r e c i r c u l z t e d  thro-gh t h e  r e g e n e r a t c r  . 

The g a s i f i e r  was a 4'' I.D. vesse l  and t h e  cha r  bed he igh t  w a s  c o n t r o l l e d  by means 
of an overflow w e i r .  The bed h e i g h t  i n  most k i n e t i c  runs  was 4 0  inches .  i I 

The f eeds tocks  were c r u s h e d . t o  -35 mesh and d r i e d  wi th  i n e r t  gas  i n  a f l u i d  bed 
The d ry ing  was conducted i n  such a way t h a t  almost a l l  t h e  -150 mesh c' a t  500°F. 

p a r t i c l e s  were removed by e l u t r i a t i o n .  I 

The d r i ed  and e l u t r i a t e d  f eed  was then  hydrodevo la t i l i zed  a t  1500'F and about one 
hour res idence  t i m e  i n  a s e p a r a t e  run  i n  t h e  cont inuous  u n i t .  The i n l e t  gas composi- I 

t i o n  was ad jus t ed  t o  s i m u l a t e  t h a t  i n  t h e  cor responding  s t e p  i n  t h e  commercial vers ion  
of t h e  CO, acceptor  p r o c e s s ( 3 )  wherein t h e  p a r t i a l  'p ressure  of hydrogen is about 6 a h . 3  
Th i s  was done by adding  steam and hydrogen and r ecyc l ing  t h e  make gas  i n  the  proper 
p ropor t ions .  
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Analyses of t h e  hydrodevo la t i l i zed  f eeds tocks  a r e  g iven  i n  Table I b .  

The CanPos i t ion  of t h e  i n l e t  gas  dur ing  t h e  k i n e t i c  runs was c o n t r o l l e d  by r ecyc le  
of t h e  product gas .  
t h e  Water tempera ture  was c o n t r o l l e d  t o  g i v e  t h e  des i r ed  i n l e t  steam p a r t i a l  P r e s s u r e .  

of t h e  product  cha r .  
by Sampling t h e  d ry  product  gas .  
equipment used f o r  t h e  ba t ch  k i n e t i c s  program. 
only  when t h e  u n i t  had reached s t eady  s ta te ,  a s  evidenced by cons t an t  e x i t  gas  COmpOSitiOn- 

c a t i o n  rate was determined from d r y  e x i t  gas  a n a l y s i s  and the  metered e x i t  gas  r a t e .  
The i n t e g r a l  g a s i f i c a t i o n  rates are then  determined a s  fo l lows  when no  accep to r  is 
p r e s e n t :  

The i n l e t  d ry  gas  was passed through a steam g e n e r a t o r  i n  which 

The inventory  of carbon i n  t h e  bed was determined from t h e  bed weight and a n a l y s i s  
The composition of t h e  product  gas  w a s  semi-continuously monitored 

Analyses were made wi th  t h e  same gas  chromatograph 
The product char  was sampled for a n a l y s i s  

The bed weight was determined by Dp measurement a c r o s s  the f l u i d  bed. The g a s i f i -  

mols e x i t  naa/min x m o l  f r a c t i o n  of to ta l  carbon x lo4 
% =  atom carbon i n  bed 

- m o l s  e x i t  gas lmin  x m o l  f r a c t i o n  of CH& x io4 
%H, - a t a a  carbon i n  bed 

' When accep to r  was used, c o r r e c t i o n  had t o  be made in f o r  CO, picked  up by 
accep to r .  Also, in t h e s e  in s t ances ,  CO, u s u a l l y  was added 2 o t h e  i n l e t  g a s  and t h u s  
had t o  be deducted f r o m  the to ta l  carbon in the outlet gas  i n  c a l c u l a t i n g  I$.. 

R e s u l t s  and Discuss ion  

Batch Int o a r a l  Data 

Pre l imina ry  exper iments  showed t h a t  t h e  subsequent g a s i f i c a t i o n  rates were r e l a -  
t i v e l y  i n s e n s i t i v e  t o  the g a s  atmosphere or t i m e  of p re t r ea tmen t .  
cedure  used  was accepted  as a s t a n d a r d  because of i ts  s imula t ion  of t h e  hydrodevola- 
t i l i z a t i o n  step in t h e  p r o j e c t e d  commercial v e r s i o n  of t h e  p rocess .  

The p a r t i c u l a r  pro- 

I n t e g r a l  rate d a t a  for  % and RCH4 are shown f o r  s e v e r a l  l i g n i t e  c h a r s  i n  F igures  
2 and 3, r e s p e c t i v e l y .  A l l  d a t a  were ob ta ined  a t  1500OF and 16  atmospheres t o t a l  
p r e s s u r e  us ing  two d i f f e r e n t  hydrogen steam mixtures  i n  t h e  feed ,  i . e . ,  62$ H,-38$ H,O 
and 32$ II,-68$ H,O. These  t w o  va lues  cor respond roughly t o  the H,/H,O ratios e x i s t i n g  
a t  t h e  t o p  and bottom, r e s p e c t i v e l y ,  of t h e  p r o j e c t e d  commercial v e r s i o n  of t h e  pro- 
cess. 
t i o n  rates. 
p r a c t i c e .  

No CO was added and,as w e  w i l l  show l a t e r , t h i s  s t r o n g l y  i n h i b i t s  t h e  g a s i f i c a -  
The rates shown t h e r e f o r e  are h ighe r  than  would be a n t i c i p a t e d  i n  

The Renner Cove cha r  is unusual for  i ts  h i g h  r e a c t i v i t y  r e l a t i v e  t o  t h e  o t h e r  
l i g n i t e  cha r s .  Analyses in Tab le  I show t h a t  t h i s  l i g n i t e  is p a r t i c u l a r l y  h lgh  i n  
sodium. 
r e a c t i o n  rates were reduced t o  a l e v e l  comparable wi th  those  of t h e  other l i g n i t e  c h a r s .  
The h i g h  r e a c t i v i t y  of t h e  Renner Cove c h a r  t h u s  may be a t t r i b u t e d  t o  a h igh  l e v e l  of 
c a t a l y s i s  by sodium. 

The high i n h i b i t i n g  e f f e c t  of H, f o r  t h e  carbon oxides  r a t e s ,  R , is a l s o  noted 
and is in accord  wi th  p r i o r  obse rva t ions  on bituminous coal chars.('$ The t o t a l  
g a s i f i c a t i o n  rate a c t u a l l y  is h ighe r  a t  1500OF than  t h e  r a t e s  of g a s i f i c a t i o n  of 
bituminous c o a l  cha r s  p rev ious ly  observed under comparable c o n d i t i o n s  a t  1700'F. 
Thus, it is c l e a r  t h a t  l i g n i t e s  are eminent ly  s u i t a b l e  f o r  u se  in t h e  CO, acceptor  
p rocess  from t h e  p o i n t  of view of  r e a c t i v i t y .  

A f t e r  e x t r a c t i o n  of 90$ of t h e  sodium from t h i s  cha r  w i t h  hot water, t h e  
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.The Inethane r a t e .  RCH, ,  i n  a l l  c a s e s  decreases  monotonical ly  w i t h  i n c r e a s i n g  carbon 

It tends  t o  show t h e  reverse  
b u r n o f f .  The behavior  of t h e  carbon oxides  r a t e ,  k, 1s more complex. I t  i n c r e a s e s  
wlth burnoff In  most c a s e s  a t  low l e v e l s  of H, i n h i b i t i o n .  
behavior  a t  hlgh l e v e l s  of hydrogen inhibition. Although i n  some c a s e s ,  a maximum rate  , 
15 observed a t  low b u r n o f f s ,  1 .e ., up t o  359 burnoff ._ i 

4 

I ,  
D i f i e r e n t i a l  Rate Data 

I 

A l l  t h e  d i f f e r e n t i a l  ra tes  were obta ined  wi th  Renner Cove c h a r  a t  1500°F. The k 

composi t ions t o  be expec ted  a t  t h e  top  and bottom of t h e  g a s i f i e r  i n  t h e  commercial 
t a b u l a t e d  d a t a  f o r  bo th  I t  and %H, a r e  g iven  i n  Table  111. 

process  and f o r  t o t a l  p r e s s u r e s  of 11 and 20 a t m .  There i s  one except ion,  however, 
i n  t ha t  no CH, was added t o  t h e  i n l e t  g a s .  Separa te  r u n s  were, t h e r e f o r e ,  made to  
determine t h e  e f f e c t  of CH, i n h i b i t i o n  on the  rates. These d a t a  a r e  g iven  i n  Table IV. 

These d a t a  span t h e  gas , 

;. . . .. 
C o r r e l a t i o n  of Data 

I n s p e c t i o n  of t h e  d a t a  i n  Table  I11 c lea r ly  shows t h e  s t r o n g  i n h i b i t i o n  by CO on 
both 
CO and CH4, the4fo l lowing  r e a c t i o n  was used as a model t o - a r r . i v e . a t  a s u i t a b l e  cor re la -  
t i o n .  

and qH . To account  f o r  t h e  i n h i b i t i o n  o f ,  t h e  methane formation r a t e  by both 

2 C + H, + H,O = CH, + CO (2) 

'2 
The ra te  c o n t r o l l i n g  s t e p  i n  t h e  above o v e r a l l  r e a c t i o n  was assumed t o  be the  reaction 
of absorbed H, and H,O on a d j a c e n t  carbon sltes t o  produce absorbed oxygen and C H 4 . '  

For  t h e  carbon oxides  r a t e ,  t h e  model r e a c t i o n  was, 

C + H,O = CO + H,, (3) 
with t h e  r a t e  c o n t r o l l i n g  s t e p  assumed t o  be t h e  r e a c t i o n  of absdrbed H,O with  an 
ad jacent  empty carbon s i t e  t o  produce absorbed oxygen and H,. 

Rate equat ions  a r e  r e a d i l y  developed for each c a s e  us ing  t h e  s t a n d a r d  Langmuir 
Isotherms to  represent  t h e  f r a c t i o n  of  t h e  s u r f a c e  covered with each  absorbed gas .  The 
corresponding r a t e  e q u a t i o n s  are g iven  below: 

'CO 'H, ] 
- '- ['H,O - K ( 4 )  
- 

C [l + KIP + K,P + K P 3' 
R 

*,O H, CO 

T h e  n e g a t i v e  terms i n  t h e  numerators  correspond t'o t h e  r e t a r d a t i o n  by t h e  r e v e r s e  , 
r e a c t  1 ons . , 

I t  15 c l e a r  from React ion  ( 2 1  why Kc i s  d e i i n e d  as equal  t o  %-2 R c f 1 4 .  T h i s , l s  
becau>e, by t h e  proposed mechanism, one m o l  of CO accompanies t h e  format ion  of every 
m o l  <)I methane. 

The c o n s t a n t s  i n  t h e  above ra te  equat ions  were determined from the 'exper imenta l  
( lata us ing  a non-l inear  least  squares  technique .  
were made u i t h  t h e  a i d  of a d l g i t a l  computer. 

The necessary i t e r a t i v e  r a l c u l a t i o n s  
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The va lues  of t h e  c o n s t a n t s  t hus  determined a r e  l i s t e d  as a func t ion  ,of carbon 

burnoff i n  Table V .  
Rc and b4 i s  shown i n  Tables  I11 and I V .  

The agreement between t h e  c a l c u l a t e d  and observed r a t e s  f o r  both 

9 
The e f f e c t  of t h e  r e a c t i o n ,  C + C 0 2  = 2 CO, on F~c has  been neglec ted  i n  t h e  runs  

i n  which C02 was a component of t h e  i n l e t  gas .  This  r e a c t i o n  i s  slow r e l a t i v e  t o  t h e  
steam-carbon r e a c t i o n  and i t  is s t r o n g l y  i n h i b i t e d  by CO. The d a t a  of Blackwood and 
Ingeme(') t aken  on the  r e a c t i o n  of C 0 2  wi th  a r e a c t i v e  coconut s h e l l  cha rcoa l  show 
t h a t ,  a t  t h e  cond i t ions  used i n  t h e  p re sen t  work, much less than  1% of t h e  observed 
va lues  of Rc could  have been con t r ibu ted  by g a s i f i c a t i o n  w i t h  CO2. 

I 
\ 

; 

The c o r r e l a t i n g  equa t ions  must be regarded  a s  semi-empirical .  The cons t an t ,  K,  
i n  Equation ( 4 )  f o r  % has  va lues  cons iderably  smaller than  t h e  equ i l ib r ium value of 
9 .2  a t  1500'F f o r  t h e  r eac t ion ,  

g r a p h i t e  + H,O = CO + H,. 

Th i s  is unexpected and no exp lana t ion  is advanced h e r e .  

In t h e  methane a d d i t i o n  runs, t h e  product ,  Pco PCH,, w a s  t o o  small t o  allow evalu- 
, a t i o n  of t h e  cons t an t ,  K ' ,  i n  Equat ion  ( 5 ) .  Therefore ,  t h e  equ i l ib r ium va lue  of 
/ 0.388 f o r  t h e  r e a c t i o n ,  

2 g r a p h i t e  + H, f H,O = CH, + CO, 

' has  h e n  ass igned  t e n t a t i v e l y .  
> 

I f  t h e  same a c t i v e  sites are involved i n  both  r e a c t i o n s ,  t h e n  methane should be 
an  i n h i b i t o r  f o r  t h e  carbon oxides  r e a c t i o n  as w e l l  a s  f o r  t h e  methane format ion  
r e a c t i o n .  The d a t a  i n  Table  I V  show t h a t  t h i s  is not t h e  case .  

F i n a l l y , ' t h e  va lues  of  K 1 ,  K, and K, should  be t h e  same a s  those  f o r  K I 1 ,  K ' ,  and 1. , 

K 1 3 .  A s  Table  V shows, t h e  va lues  are s imi la r ,  bu t  not i d e n t i c a l .  

The e f f e c t s  of t h e  p r i n c i p a l  v a r i a b l e s  on t h e  carbon ox ides  rate, Rc! a r e  i l l u s -  

' S i m i l a r  e f f e c t s  e x i s t  
~ , go through a maximum wi th  i n c r e a s i n g  t o t a l  p r e s s u r e  a t  cons t an t  gas  composition. The 
I' 
1 

t r a t e d  by t h e  curves  of F igu re  4,  der ived  from Equat ion  ( 4 ) .  
e f f e c t s  of both H, and CO are shown f o r  t h e  2C$ burnoff l e v e l .  
a t  o t h e r  burnoff l e v e l s .  

exper imenta l  d a t a  of t h i s  s tudy  do no t  f a l l  i n  t h e  r e g i o n  of t h e  maxima. The v a l i d i t y  
of  Eguations' ( 4 )  and (5)  has ,  
r a t e  d a t a  of t h e  e a r l i e r  s t u d y ( 5 )  f o r  bituminous c o a l  char  a t  1600" and 1700'F wi th  an 
average d e v i a t i o n  of f 2 6 .  
atm, but t h e  e f f e c t  of CO on t h e  d i f f e r e n t i a l  rates w a s  no t  s t u d i e d .  

The s t r o n g  i n h i b i t i o n  by CO and CH, on t h e  r a t e ,  RcH , is  shown i n  F igu re  5 f o r  

The s t r o n g  i n h i b i t i n g  

F igu re  4 a l s o  shows t h a t  Equation ( 4 )  p r e d i c t s  t h a t  t h e  r a t e s  

however, been confirmed by t h e i r  use  t o  c o r r e l a t e  t h e  

The range  of t o t a l  p r e s s u r e  i n  t h e  e a r l i e r  work was 1-30 , 
,> 

t ho  20$ burnoff l e v e l .  A s  wi th  %, s i m i l a r  e f f e c t s  e x i s t 4 a t  o t h e r  burnoff l e v e l s .  

The e f f e c t s  of H, and t o t a l  p r e s s u r e  on qH4 a r e  i l l u s t r a t e d  i n  F igu re  6. 
i s  a n  optimum value  of  t h e  r a t i o  H,/H,+H,O i n  t h e  range  of 0.4-0.5, depending on the  
p a r t i c u l a r  va lues  of t h e  o t h e r  v a r i a b l e s .  
RpH, cont inues  t o  i n c r e a s e  wi th  i n c r e a s i n g  t o t a l  p r e s s u r e  a t  c o n s t a n t  gas  composition, 
but approaches a l i m i t i n g  va lue  beyond t h e  range  of t h e  exper imenta l  d a t a .  

There I 
; 

1 
I n  c o n t r a s t  with Rc, Equat ion  ( 5 )  shows t h a t  

[\ 

Equation ( 5 )  a l s o  p r e d i c t s  t h a t  RCH w i l l  decrease  t o  z e r o  wi th  a gas  composition 

I , ano the r  r e a c t i o n ,  C + 2 H, = CH,. However, a run not o therwise  r e p o r t e d  h e r e  showed 
, 

of loo$ E,. 
t h a t  Equation (5)  remains v a l i d  a t  va lues  of t h e  ra t io  H,/H,+H,O up t o  0 . 9 .  

Actua l ly ,  cons ide rab le  g a s i f i c a t i o n  does occur a t  t h i s  c o n d i t i o n  through 
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in most c a s e s  t h e  f eeds tocks  used were d i f f e r e n t  from t h e  p a r t i c u l a r  i l g n i t e  [Remer 
Cove) f o r  which d i f f e r e n t i a l  rate d a t a  were a v a i l a b l e .  
e v e r ,  c a r r i e d  out w i t h  a high  sodium l i g n i t e  (Glenharo ld)  from t h e  same geographical 
area and from t h e  same F o r t  Union d e p o s i t .  
t h e  d i f f e r e n t i a l  d a t a  is p o s s i b l e .  

Limited ope ra t ions  were, how- 

Thus, i n  t h i s  c a s e  d i r e c t  comparison with 

I - 
i 

P r e d i c t i o n s  of i n t e g r a l  r a t e  d a t a  from d i f f e r e n t i a l  d a t a  is  d i f f i c u l t  i n  f l u i d i z e d  1 s y s t e m s ,  s i n c e  t h e  g a s  f l o w  p a t t e r n  is unknown. 
mixing and bypassing of t h e  bed by t h e  bubbles which form. I t  i s  t o  be expected, how- 
ever, tha t  i n  a smoothly o p e r a t i n g  f l u i d  bed such as one o b t a i n s  i n  p re s su re  opera t ion  
t h a t  t h e  i n t e g r a l  ra te  w i l l  l i e  somewhere between the  d i f f e r e n t i a l  rate p red ic t ed  f o r  
t h e  bottom and t o p  of bed c o n d i t i o n s .  A summary of t h e  cond i t ions  and feeds tocks  used 
i n  t h e  ope ra t ions  and i n t e g r a l  rates obta ined  are g iven  i n  Table  V I .  

Complications e x i s t  due t o  g a s  back 

Unfortunately,  a d i r e c t  comparison between p r e d i c t e d  rates from t h e  c o r r e l a t i o n  
of d i f f e r e n t i a l  d a t a  is only  p o s s i b l e  i n  t h e  case of two of t h e  runs with  Glenharold 
c h a r , . i . e . ,  K-1-1 and K-1-2 as shown i n  Tab le  V I I .  I t  is seen  t h a t  t h e  va lues  of Rc 
t end  t o  be close t o  bu t  somewhat h ighe r  t h a n  the  p r e d i c t e d  va lues  a t  t h e  o u t l e t  condi- 
t ions ,  

A comparison of Run K-1-1 w i th  Run K-1-3 shows the powerful e f f e c t  of a small in- 
crease i n  tempera ture  of 30°F on rate. I 

The second group of  runs i n  Table  V I 1  shows the  e f f e c t  of us ing  less r e a c t i v e  
l i g n i t e  f eeds tocks  on rate. These runs were made w i t h  t h e  acceptor  ' c i r c u l a t i n g  through 
t h e  bed, which reduces  t h e  CO, p r e s s u r e  and consequent ly  also the CO p r e s s u r e  by v i r t u e  
of water -gas-sh i f t  r e a c t i o n .  
for  t h e  use  of  less r e a c t i v e  c h a r s  a s  seen  by comparison of Run A-28 (Glenharold char 

The r educ t ion  i n  i n h i b i t i n g  e f f e c t  of CO t h u s  compensated 1 

is evidenced, however, by t h e  comparison of t h e  observed rates wi th  those  ca l cu la t ed  
f o r  t h e  more r e a c t i v e  c h a r s .  The r a t e s  i n  t h i s  case t e n d  t o  be somewhat lower as 
expec ted  w i t h  one e x c e p t i o n  (Run A-21) t h a n  t h o s e  c a l c u l a t e d  even a t  t h e  o u t l e t  condi- 
t i o n s .  

A 
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TABLE I a  

Analyses of L i g n i t e  Chars Used i n  Batch Kine t ic  S tudies  

Renner Cove Renner Dakota South 
Cove S t e r  Dakota Water Ex t rac t ed  

-- 1.01 1.10 1.21 

.88 .86 .85 
2.03 - .14 .91 

.83 1.42 .48 
12.84 13.47 12.52 

82.41 83.29 84 .OO -- 
-- 
-- 
-- 
-- 

W t .  46 
D r y  Basis  

Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i f f  .) 
S u l f u r  
Ash 

A 1 2 0 3 ,  W t .  $ 
SiO, 

CaO 

Na20 

TiO, 

Fez03 

MgO 

K2O 

P205' 

W t .  $ 
D r y  Basis 

Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i f f  
S u l f u r  
Ash 

A1,0,, W t .  $ 
s io, 
*e203 

MgO 

K2O 

CaO 

Na, 0 

TiO, 
'2'5 

14.9 
17.6 

8.7 
26 .O 

9.7 
14.7 

.5  

.5 

.6 

Ash Cornposition. Sulfur-Free Basis 

10.7 
14.4 
18.1 
37.5 
10.6 

3.9 
.2 
.3 
.5 

9.3 
33.3 
8.8 

35.2 
2.7 
4.3 

.5 
-7 
.1 

12.8 
14 ..l 
10.2 
35.9 
14.5 
2 .o 

.04 

.7 ' 

.8 

TABLE Ib 

Analyses  of Chars Used i n  Continuous G a s i f i e r  

Glenharold 
Glenharold Water Ext rac ted .  Husky I Husky I1 

.73 .75 .94 .86 
83.16 84.71 82.78 80.68 

.50 .52 .35 .45 
1.53 1.49 1.42 1.79 
1.21 .95 1.32 1.47 

12.87 11.58 13.19 14.75 

10.6 
24.4 
8.6 

33.3 
7.4 

11.7 
.7 
.6 
.3 

Ash Composition. Sulfur-Free Bas is  

11.5 
19.4 
11.8 
40.1 
9.7 
5.3 

.3 

.7 

.4 

15.6 
24.7 

5 . 3  
33 .O 
15.4 
4 .3  

.4 
1 .2  
.1 

15.5 
26 .O 

5.7 
35 .o 
1: .2 

4.6 
.4 
.7 
.4 

Has ky 

1.55 
75.18 

.82 
1.49 
2.64 

18.96 

10.9 

28.1 
25.7 

8.9 
.7 
.2 
.5 
.4 

, 21.0 

Rosebud, 
Subbituminou i 

89.71 
.25 , 

2.04 '( 

21.9 
5.8 

30.8 
10.2 
2 .o 

.3 1 

.4 

/ 
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TABLE I1 

I' Calculations f o r  T m i c a l  Run 

Run 53: 10 gram Charge, Renner Cove Char, 150O0F, 16.97 atm System Pressure 

In l e t  Conditions 

Dry Gas Rate, SCFH* 7.66 
Steam Rate, SCFH 8.19 

H,O H, - co CH, co, 
Dry Gas Composition, mol $ 0 88.93 5.30 0 5.77 
P a r t i a l  Pressures, atm 8.76 7.29 .435 0 .473 

Exit  Conditions 

Elapsed Oxidizing Time, min 0 6 18 30 42 54 

Dry Exit  Gas Composition 
CO, mol $ 
CH4 
CO, 

1 '  

I 

H, (by d i f f . )  

- 6.96 6.61 6.20 5.96 5.75 
- 1.16 .708 .479 .333 .255 
- 8.20 7.72 7 -47 7.15 6.92 
- 83.69 84.96 85.85 86.56 87.08 

Dry Exit  G a s  Rate, SCFH - 8.93 8.79 8.38 8.18 8.01 

Calculated Quan t i t i e s  
Rate of Oxygen Appearance i n  
1 Dry Exit Gas, gm O/min 
?team Conversion, $ 
Wet Exi t  G a s  Composition 

CO, mol $ 
CH 4 

co2 

Ha0 
as i f  ication Rate, N, 

I H2 

i 
I 

Cumulative Carbon Gasified, gm 
Instantaneous W t  of C i n  Bed, W, gm 
Fntegral T o t a l  Gas i f ica t ion  Rate, 

N/W, gm C gasified/gm C i n  
; Bed/min x lo' 
In t eg ra l  Methane Formation R a t e ,  

p C gasified/gm C i n  Bed/ 
min x 10' 

.1510 
0 

7.500 

201 

38.5 

-244 
9 .so 

3.80 
.632 
4.48 

45.73 
45.35 

.1384 
.561 

6.939 

200 

34.9 

.194 
7.55 

3.55 
.380 
4.15 

45.64 
46.27 

.lo59 
2.019 
5.481 

193 

26.6 

.152 -118 .093 
5.93 4.61 3.62 

3.23 3.05 2.90 
.250 .170 .128 
3.89 3.66 3.48 

44.73 44.28 43.87 
47.90 48.84 49.62 

.0812 .0624 .0481 
3.135 3.992 4.652 
4.365 3.508 2.848 

186 178 169 

21.6 18.2 16.8 
h 
burnoff, $ C Gasified 0 7.5 26.9 41 -2 53.2 62 .O 

* Standard conditions are 70°F, 29.92 inches Hg. 

\ 
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TABLE V 

Tabulated Constants in Rate Equations 

Rc 

4 Burnoff 

k 
K 

0 - 
576 647 

3.26 4.67 

.035 .026 

.360 .400 
1.30 1.42 

15.64 11.51 

.19 .13 

.16 .21 
1.25 1.51 
1-18 .88 

60 - 40  - 
759 934 

4.33 2 -92 

.017 .010 

.460 -540 
1.63 1.90 

8.05 5.84 
3 8 8 .  * 

.08 .04 

.23 .25 
1.80 % 2.10 

.81 1.12 
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Figure 4 

TOTAL PRESSURE, ATM. 
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